Reaction

Control System Description
shows the layout of the Harrier RCS. The major components of this system are the butterfly valve, the bleed air ducts, and the RCS nozzles. As the aircraft transitions from conventional flight to hover, the butterfly valve opens to pressurize the RCS ducts with air bled from the engine compressor.
A 
Bleed Flow Measurement Methods
The next two subsections describe the methods that were used to measure the RCS bleed flow on the YAV-8B
Harrier during the flight tests. The first subsection describes the Rolls-Royce Pegasus engine data that were used to calculate the RCS total bleed flow demand. This description is followed by a method for calculating individual RCS nozzle bleed flow rates using previously documented YAV-8B data and pressure tap data recorded during the flight tests. A static pressure tap was installed just upstream of the bend in each nozzle, as figure 4 shows. The flow between the pressure tap and the nozzle exit is assumed to be isentropic. In general, the mass flow rate per unit of crosssectional area, ria/A, is related to the stagnation pressure, temperature, and Mach number in the following way:
Total Bleed Flow Measurement
Since the duct pressure ratio is normally well above the critical value, the RCS nozzle exits are normally choked (M = 1). If A* is the cross-sectional area at the nozzle exit, then
A-_ R.f_ _ 7+1) _ ..
where it has been assumed that 7 = 1. 
RCS Control Power Usage Determination
The 
Description of Flight Tests
The calibrated engine was used to determine total bleed flow during typical STOVL flight maneuvers, and the pressure-tap data from these flights were used to determine the individual RCS nozzle bleed rates and thrust forces, as described in the previous section. The tests were conducted under calm air conditions, using two standard flight profiles.
One flight profile consisted of hovering maneuvers. After executing a vertical takeoff and stabilizing the aircraft in hover at a 50-ft nominal altitude, the pilot performed lateral and longitudinal translations, followed by pedal turns. The longitudinal translation was accomplished by changing the pitch attitude of the aircraft, while roll attitude changes were used to perform the lateral translation. Maneuvers of this type are used prior to landing after capturing a hover station offset from the landing pad. These horizontal translations were followed by an aggressive, arrested descent, simulating a waveoff after the initiation of a vertical landing. Each flight ended with a vertical landing on the runway.
The other flight profile incorporated maneuvers representative of STOVL operations. The pilot executed a short takeoff, then returned to the landing area and performed an aggressive, decelerating approach to a stabilized hover, followed by a vertical landing. One flight ended with a slow, rolling landing. Similar changes in the bleed air distribution occur during lateral translations ( fig. 10 ), but the total bleed magnitude is closer to that used in hover. As expected, the downblowing wing nozzles use the greatest amount of bleed air because these nozzles are used to initiate and terminate the maneuver via the roll attitude. Because of the yawing moment due to inlet momentum during the translation, the pilot must use the yaw RCS nozzles to maintain the proper aircraft heading. Consequently, the yaw-axis bleed rates are high relative to hover. The front pitch nozzle bleed rate is nearly identical to the aft pitch nozzle bleed rate, and the bleed rates for each are less than those for either the roll or yaw axes. Overall, the percentage of available bleed used, shown in figure 11, is about 5% to 13% higher than that in the hover case. Despite the coupling between the roll and the yaw axes during the lateral translation, the increase in bleed rate from the pitch nozzles during longitudinal translation is greater than that from the roll nozzles during lateral translation, resulting in a higher level of total bleed. This is a consequence of the control power needed to trim the aircraft in pitch ana the relatively large pitch moment of inertia of the aircraft.
Test Results
p.
RCS Bleed Air Allocation and Percentage of Available
The RCS bleed distribution during pedal turns in hover appears in figure 12 . The number of data points representing high yaw nozzle bleed rates are indicative of the pilot pedal inputs that were used to arrest the yaw rate of the aircraft. These bleed rate magnitudes result from the poor inherent yawdamping of the aircraft in hover. The total bleed curve falls between the levels of bleed used in the longitudinal and lateral translations. The bleed rates of the other RCS nozzles are nearly identical to those in the hover case. The percentage of available bleed used ( fig. 13 ) is generally only slightly greater than that used in the lateral translation, despite the poor inherent yaw damping of the aircraft in hover.
The plot of the bleed air distribution for arrested descents appears as figure 14. The differences between this plot and the hover plot in figure 6 are limited to slightly higher front pitch and roll RCS nozzle control activity during the arrested descent. The total bleed never exceeds 50% of the available bleed and nearly matches the corresponding plot for hover, as figure 15 shows. Thus, the control activity is essentially that used to maintain a stabilized hover, with the exception of the throttle inputs necessary to initiate the descent and arrest the vertical rate.
Apparently no significant changes to aircraft trim occur during the arrested descent.
As expected, the bleed distribution for the vertical landing This causes a nose-up pitching moment, which must be countered with aft RCS nozzle bleed. This moment " diminishes as the airspeed drops below 50 knots, meaning less bleed is used for trim as the aircraft slows to hover.
The engine nozzles during the rolling landing, however, are not deflected beyond 60°, meaning that fewer longitudinal pitch trim changes are required than in the approach to landing. As the aircraft enters ground effect immediately prior to touchdown, some front RCS nozzle bleed isused tocounter anose-down moment thatis imparted totheaircraft; thisappears infigure 22asthe peak bleed point forthefrontpitchnozzle. activity about all axes, as compared to hover, is readily apparent in the higher control power usage and the decrease in the number of data points at 0 rad/sec 2. While the bleed allocation plot for this case ( fig. 8) showed that the RCS pitch nozzles were using a significant portion of the engine bleed air, figure 25 shows that pitch control power usage has increased about 30% but is still significantly less than the roll-axis control power usage.
Control Power Usage in Hover Maneuvers
While the peak roll and yaw values are only slightly higher than their corresponding peak hover values, the bulk of the control power usage in these axes is greater than in hover. Although this maneuver involves primarily longitudinal dynamics, the control activity about the other axes has increased as well. Comparing both of these figures with the hover case ( fig. 24 ) reveals that the roll-axis control power usage has significantly increased for these two maneuvers. This reflects the aircraft's sensitivity to disturbances about the roll axis. high, the longitudinal translation, the lateral translation, the pedal turn in hover, and the slow, rolling landing make a greater average bleed demand on the engine. The mean percentage of available bleed used is about 40% for each of these maneuvers. The remaining maneuvers use 30% to 35% of the available bleed. Table 5 presents the peak control power use, by axis and maneuver. As was the case in table 3, the RCS must be capable of producing these levels of control power, but these numbers do not represent sustained operation.
RCS Bleed and Control Power Usage Summary
Generally, the peak RCS control power use for each axis coincides with the hover maneuver that requires attitude changes about that axis. The roll-axis control power use is greater than the pitch-and yaw-axis control power use for the hover, arrested descent, and vertical landing maneuvers. The relatively high control power demands for both the roll and yaw axes during the pedal turn and the lateral translation show the coupling between these two axes as a result of inlet momentum effects.
Conclusions
Using a calibrated Rolls-Royce Pegasus engine and existing flight instrumentation, total and individual RCS nozzle bleed flow rates were measured during hover and transition maneuvers of the NASA Ames YAV-8B
Harrier. The total bleed data have been presented in terms of mass flow rate and as a percentage of the available engine bleed. The RCS nozzle thrust forces, as determined from the individual RCS nozzle total pressure data, and the aircraft moments of inertia, as determined by the operating aircraft weight plus the fuel and water weights, were used to determine the control power provided by the RCS during these same flights.
Generally, the RCS bleed and control power usage is greatest for the roll axis, followed by that for the pitch axis and then that for the yaw axis. This bleed air distribution reflects the relative sensitivity of the aircraft to 
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